Rehabilitation of patients after anterior cruciate ligament (ACL) reconstruction plays a vital role in helping a patient return to their prior level of activity. 4, 8, 15 A common goal of rehabilitation after ACL reconstruction includes avoiding complications such as loss of range of motion (ROM) and quadriceps femoris weakness, which is associated with loss of knee extension. 8, 15 Although impaired postoperative ROM remains one of the most frequent complications after ACL reconstruction, 2, 3, 15 little research has been done to identify when loss of ROM becomes unrecoverable.
Loss of full knee extension is a potentially debilitating problem. It is thought that a lack of symmetrical knee extension after ACL reconstruction is more debilitating than preoperative instability and that a small loss of extension is particularly detrimental for the active population. 16 Previous research has found that the 3 most common complications after ACL reconstruction were a loss of full extension, patellofemoral pain, and quadriceps weakness. 22 Additionally, a loss of 5 of extension caused an abnormal or flexed-knee gait that led to increased joint loading, patellofemoral pain, and quadriceps weakness. 14, 22 Knee extension loss can reduce the amount of quadriceps extension torque, 1, 24 especially when the knee is close to full extension. 1 Thus, these results suggest that if knee extension after ACL reconstruction is unable to be restored, the patient may have to function without the ability of the quadriceps femoris to fully activate and produce enough force required for such functional activities as squatting and ascending or descending stairs. A lack of regaining full, symmetrical knee extension has also been found to have adverse long-term effects for the ACL-reconstructed patient population. In a 10-year minimum follow-up study, Shelbourne and Gray 24 found the International Knee Documentation Committee (IKDC) and Noyes subjective scores to be significantly better in patients with normal extension when compared with patients who had less than normal extension. Interestingly, this study found that patients with meniscectomy but normal knee ROM had similar subjective scores as those with intact menisci and less than normal knee ROM (3 -5 of extension loss compared with the contralateral limb). Similarly, an additional long-term concern with knee extension ROM loss is the association with osteoarthritic (OA) knee changes. Shelbourne et al 26 found that when factors of meniscal status or articular cartilage damage were controlled for, loss of normal knee ROM after ACL reconstruction at final follow-up (mean, 10.5 ± 4.5 years) was associated with a higher prevalence of OA on radiographs. With favorable patient outcomes scores and the expectation of improving the longterm health of the knee being common goals for ACL reconstruction, 24, 26 the proposed role knee extension plays should make this a focus of rehabilitation.
Postoperatively, a recent study supported the Knee Symmetry Model for avoiding extension loss after ACL reconstruction. 5 This model emphasized the importance of symmetrical knee ROM, elimination of time frames as postoperative guidelines, unrestricted knee ROM immediately, strict bed rest for the first 5 days postoperatively, and specialized rehabilitation for the graft donor knee and the ACL-reconstructed knee. Results at a minimum of 1 year after surgery showed that 100% of patients had achieved full knee extension. Those patients who obtained knee symmetry sooner postoperatively had lower and less frequent complication rates after ACL reconstruction, but a specific time frame was not identified for when knee symmetry was achieved. 5 Overall, there seems to be a lack of evidence in the literature with regard to postoperative time frames for regaining knee extension after ACL reconstruction. While it appears that a lack of full knee extension may play a role in functional deficits such as quadriceps femoris weakness, 24 flexed-knee gait, 14, 18 and diminished hop test scores, 22 it is unclear the point at which this becomes detrimental. Therefore, the intent of this study was to determine whether there was a relationship between early knee side-to-side extension difference after ACL reconstruction and knee side-to-side extension difference at 12 weeks. A second aim was to examine the relationships between knee side-to-side extension difference and patient-reported outcomes of the IKDC and visual analog scale (VAS). Finally, the third aim of the study was to use early knee extension ROM differences to predict knee extension ROM differences at 12 weeks. We hypothesized that early (within the first 8 weeks) knee side-to-side extension difference will be predictive of knee side-to-side extension difference at 12 weeks.
METHODS

Design
A cross-sectional study design was used to assess the relationship between the following variables: knee side-to-side extension difference, VAS scores, and scores on the IKDC Subjective Knee Evaluation Form. Each of these variables were assessed at initial visit and 4, 8, and 12 weeks postoperatively.
Participants
Participant demographics are listed in Table 1 . Patients were identified during regularly scheduled visits to participating physicians and/or physical therapists. Patients were undergoing treatment at 1 of 2 possible physical therapy clinics by a physical therapist following a standard ACL reconstruction protocol focusing on regaining symmetrical knee ROM. This protocol included passive and active ROM exercises to regain knee extension and was performed 3 times daily until symmetrical knee extension was obtained. Participating physicians included 3 orthopaedic surgeons who are within the Texas Health Ben Hogan Sports Medicine System (Fort Worth, Texas, USA). Patients were considered for study participation if it was their first ACL reconstruction (autograft hamstring, autograft patellar tendon, and allograft hamstring), were within 2 weeks of ACL reconstruction (mean initial physical therapy visit was 5 days after surgery), had not performed structured physical therapy since surgery, and were between 13 and 55 years old. All reconstruction techniques used in the ACL reconstruction were single bundle. Patients were excluded from the study for the following reasons: full-thickness chondral defect of 1.5 cm or greater 7 (grade III or IV Outerbridge arthroscopic grading system), grade II or III medial collateral ligament (MCL) or lateral collateral ligament (LCL) tear, posterior cruciate ligament tear (grade I-III), simultaneous fracture with ACL tear, and meniscus repair required with ACL reconstruction (medial or lateral meniscus) due to prescribed ROM and weightbearing restrictions in the early stages (all patients included in the current study did not have weightbearing or ROM limitations). The surgeons in our study cleared patients for surgery if minimal swelling and ROM loss were present, and close communication was maintained with the treating surgeon to monitor enrollment of patients. Patients were enrolled into the study by an investigator in the outpatient sports medicine facility once they were confirmed to meet the inclusion and exclusion criteria. Participants averaged 2 times per week in physical therapy for 12 weeks. The institutional review board of Texas Health Resources approved the research procedures.
Patient-Reported Outcome Measurements
Once consent was obtained for the study, participants were asked to complete an IKDC, a VAS for pain at rest, and were measured for knee side-to-side extension difference (which included measuring into hyperextension) on the initial visit of physical therapy after ACL reconstruction. The IKDC is a knee-specific, patient-oriented outcome measure of symptoms, function, and sports activities in patients with a variety of knee impairments and conditions, 13 with its validity, reliability, and responsiveness having been established in the adult and adolescent populations. 11, 13, 23 Patients were asked to rate their pain intensity at rest by placing a mark on a 100-mm VAS with the extremes labeled ''no pain'' at 0 mm and ''worst imaginable pain'' at 100 mm. At this time, participants were also given a standard ACL reconstruction protocol that focused on regaining full, available knee extension as compared with the other limb. Patients were in a postoperative knee brace for 2 weeks that was opened to allow full available knee ROM and were on standard axillary crutches until able to demonstrate appropriate quadriceps activation for gait (single-leg stance on involved limb for 30 seconds). In addition, knee side-toside extension difference, IKDC, and VAS were collected at time points of 4, 8, and then again at 12 weeks.
Range of Motion Measurements
Knee extension ROM measurements were taken with a goniometer with a bubble level attachment while the patient was in a supine position with both knees in extension (Figure 1) . Using a goniometer to measure knee extension has been found to have an intraclass correlation coefficient (ICC) value of 0.98 for intratester reliability and 0.99 for intertester reliability. 10, 27 The patient was instructed to actively tighten their quadriceps and fully straighten the knee to the best of their ability, and knee ROM was measured as described by Norkin and White. 17 Independent of the treating physical therapist, knee extension measurements were taken by 2 designated physical therapists. The 2 physical therapists were responsible for knee extension measurements at each time frame and had a combined experience of 20.5 years in orthopaedic rehabilitation. Prior to beginning the study, a pilot study was conducted with the 2 designated physical therapists measuring knee ROM on 25 subjects to establish interrater reliability. Reliability for knee extension was calculated and found to be good (ICC (2, 1) , 0.88; standard error of the mean [SEM], 0.10).
Statistical Analysis
Pearson product moment correlation coefficients were used to determine the relationship between knee side-to-side extension difference and VAS and IKDC scores at different time points (initial visit and 4, 8, and 12 weeks). This ROM measurement was a side-to-side difference score between the involved and uninvolved limbs. In addition, a linear regression model was used to predict the effect of the knee extension variables on the outcome of knee extension ROM at 12 weeks, with an alpha level set at P < .05. A repeated-measures analysis of variance (ANOVA) was performed to examine withinsubject differences of knee extension ROM. All analyses were calculated using SPSS version 19.0 (IBM). The ROM extension measures were also rated following the IKDC Knee Ligament Standard Evaluation Form (IKDC Knee Examination Form-2000), which compares extension side to side and provides the following categories: normal (within 2 of uninvolved side), nearly normal (within 3 -5 ), abnormal (within 6 -10 ), and severely abnormal (>10 ). 
RESULTS
Correlations
Linear Regression
When the variables of knee extension ROM at initial visit, 4, and 8 weeks were entered into a regression analysis, the predictor variables explained 61% (R 2 ¼ 0.611) of the variance for knee extension ROM at 12 weeks, with an effect size of f 2 ¼ 1.57. The observed post hoc power analysis was 1.0. Knee extension ROM at 4 and 8 weeks explained 46% (R 2 ¼ 0.457) of this variance, with 4 weeks (R 2 ¼ 0.259) explaining the majority (Figure 2) . At 4 weeks, the mean involved knee extension was -0.61 ± 3.2 , mean uninvolved knee extension was 3.9 ± 2.9 , mean knee side-to-side extension difference was 4.7 ± 3.2 , IKDC was 50.2 ± 9.6, and VAS was 2.1 ± 1.7. At 12 weeks, the mean involved knee extension was 2.0 ± 3.1 , mean uninvolved knee extension was 4.0 ± 2.8 , mean knee side-to-side extension difference was 2.0 ± 2.6 , IKDC was 71.0 ± 9.2, and VAS was 0.9 ± 1.1. Table 3 provides the IKDC extension rating and the number of patients who fell into each category.
DISCUSSION
Regaining full ROM has been consistently found to improve long-term outcomes for ACL reconstruction patients, especially in the realm of knee extension restoration. 5, 20, 21, 24, 26 Multiple studies have been conducted to determine factors that can limit a patient's ability to regain full extension, 5, 12, 14, 19 but to our knowledge, none have determined in what time frame this extension needs to be achieved. Many studies concerning postoperative ACL rehabilitation and extension have had varying short-and long-term follow-up for assessing extension ROM. Our study found that a patient's knee side-to-side extension difference at 4 weeks was strongly correlated with knee side-to-side extension difference at 12 weeks. Although a strong relationship was seen between the 8-and 12-week extension measure, the extension measures at 4 weeks had a stronger relationship when it came to predicting extension at 12 weeks.
Our results provide those involved with postoperative ACL rehabilitation an initial goal of obtaining nearly normal (within 3 -5 of uninvolved knee) knee extension at 4 weeks, which may be used clinically as a predictor of normal (within 2 of uninvolved knee) extension at 12 weeks, another specific time frame. The average knee extension ROM at 4 weeks for this study was 4.7 ± 3.2 side-to-side difference. Our purpose was to examine early outcomes of knee extension to provide reference guidelines for the postoperative ACL patient since, in the opinion of some clinical researchers, those who do not have extension by 6 months will likely not regain full ROM. 6 From their extensive experience in ACL reconstruction rehabilitation and outcomes, Shelbourne and Klotz 25 hypothesized that a reference guideline for gaining symmetrical ROM is helpful for athletic patients anxious to return to sport by providing them an initial goal to work toward. In addition, this information may provide a framework for those less active patients wanting to return to squatting, kneeling, and ascending and descending stairs.
An earlier study by Mauro et al 14 had secondary findings similar to ours. While Mauro et al 14 defined a loss of extension as greater than 5 side-to-side difference in knee extension at 4 weeks, our average side-to-side knee extension loss was 4.7 ± 3.2 . The primary intent of their study was to determine if stricter guidelines for determining extension loss after ACL reconstruction would find a higher rate of extension loss and different contributing factors. Retrospectively, the authors inadvertently determined that of 229 patients involved in their study, 58 lacked 5 or more of knee extension at 4 weeks, and 28 (48%) went on to have an arthroscopic debridement to achieve full extension. 14 Although none of the patients in our study required secondary surgical intervention, knee extension ROM at 4 weeks seems to be a good indicator of whether restoration of knee extension is going to be an issue.
When studying long-term effects of knee extension ROM loss in ACL-reconstructed patients, Shelbourne and Gray 24 found patients with normal knee ROM but meniscal removal had similar IKDC and Noyes subjective scores as those with less than normal knee ROM (3 -5 of extension loss compared with the contralateral limb) and intact menisci. This led Shelbourne and Gray 24 to deduce that slight motion loss can have similar adverse effects on a patient's subjective score as having joint damage. Additionally, based on their patient's results at 10 to 20 years after ACL reconstruction, Shelbourne and Klotz 25 published a clinical commentary stating that full, symmetrical knee ROM is the definitive factor of long-term patient satisfaction. When meniscal status and articular cartilage damage prior to surgery were normalized, Shelbourne et al 26 found loss of normal knee ROM at 10-year follow-up after ACL reconstruction was associated with a higher prevalence of OA on radiographs. Patients with a >5 loss of knee extension had the highest prevalence of radiographic evidence of OA. When Shelbourne and Gray 24 considered the increased rate of OA in their 10-year follow-up of patients lacking symmetrical extension after ACL reconstruction and the increased rate of OA found by Daniel et al 9 in ACL-reconstructed knees with extension loss compared with ACL-deficient knees, Shelbourne and Gray 24 deduced that performing an ACL reconstruction without also obtaining full knee ROM might be more detrimental than not performing a reconstruction. Our finding that knee side-to-side extension difference at 4 weeks is a good predictor of knee side-to-side extension difference at 12 weeks can provide clinicians with an initial ROM goal to avoid these adverse long-term effects.
Limitations
It is important to realize that our results are limited to a relationship between restoration of knee extension ROM at 4 and 12 weeks. Because of the relatively small sample size and the correlational approach to this study, we are unable to establish a direct cause and effect. Although our study identified the importance of restoring knee extension within 5 of the normal knee by 4 weeks, it did not detect which tissue or structures may be limiting a patient's ability to regain extension. Future studies should include measures to identify what role these tissues are playing in extension loss and whether some are more problematic or easily managed than others.
All participants in this study averaged 2 times per week of structured physical therapy over a 12-week period; however, we cannot guarantee absolute compliance with the standardized protocol when they were not under the direct supervision of the physical therapists. We attempted to minimize noncompliance by providing education regarding the standard protocol to the participant and treating physical therapist and by having the principal investigator visit weekly with each participant during a scheduled physical therapy appointment.
CONCLUSION
Although impaired postoperative ROM remains one of the most frequent complications after ACL reconstruction, 2, 3, 15 little research has been done to identify at what time frame ROM loss negatively affects outcomes. Knee side-to-side extension difference at 4 weeks was strongly correlated with knee side-to-side extension difference at 12 weeks. This information may be useful for clinicians treating an athletic patient anxious for return to sport as well as those less active patients wanting to return to traditional functional activities, such as normal gait or ascending and descending stairs, by providing them an initial goal to work toward in hopes of ensuring successful rehabilitation of their knee.
